Crystal preferred orientations were measured in a suite of rocks from three locations in the Basin and Range using electron-backscatter diffraction. Anisotropic velocities were calculated for all rocks using single-crystal stiffnesses, the Christoffel equation and Voigt-Reuss-Hill averaging. Anisotropic velocities were calculated for all three crustal sections using these values combined with rock proportions as exposed in the field. One suite of rocks previously measured in the laboratory was used as a benchmark to evaluate the accuracy of the calculated velocities.
I N T RO D U C T I O N
The symmetry, magnitude and spatial variation of seismic anisotropy in Earth provide the means to investigate thermal, compositional and kinematic variations arising from plate tectonics and crust-mantle interactions (e.g. Schulte-Pelkum et al. 2005; Xu et al. 2007; Karato et al. 2008) . For example, shear wave splitting of teleseismic waves propagated through the mantle are often interpreted in terms of mantle flow (e.g. Long & Silver 2008 ). The logic is that mantle flow produces a preferred alignment of elastically anisotropic olivine crystals, which produces anisotropic wave propagation (e.g. Christensen 1984; Nicolas & Christensen 1987; Zhang & Karato 1995; Silver 1996; Savage 1999; Karato et al. 2008) . The predominant slip systems in olivine produce orthorhombic velocity anisotropy, with the fast propagation direction parallel to the olivine flow direction (e.g. Mehl et al. 2003) . The fast polarization plane of split shear waves is thus often used to infer flow within the mantle.
Though first observed in the 1960s (e.g. Hasbrouck 1964 ), technological advancements now enable more routine measurements of mid to lower crustal anisotropy. Seismic studies in western North * Now at: Earth Science, Rice University, Houston, TX 77005, USA.
America have detected crustal seismic anisotropy using Pn tomography (Hearn 1996) , teleseismic receiver functions (McNamara & Owens 1993; Porter et al. 2011) , local earthquake S-wave splitting (Currie et al. 2004 ) and ambient noise tomography (Moschetti 2010) .
Numerous workers have employed the pulse-transmission (PT) technique to rocks in order to relate petrophysical observations to anisotropy in the crust (e.g. Christensen 1965; Burlini & Fountain 1993; Ji et al. 1993; Barruol & Kern 1996; Burlini et al. 1998; Ivankina et al. 2005) . This approach is excellent in many ways, but compromised by sample variability, alteration, cracks and (usually) a limitation to three orthogonal directions. An alternative approach to determining the elastic properties of rocks is to measure the crystal preferred orientations (CPOs) of the constituent phases and then calculate rock elasticity from single-crystal stiffnesses (Mainprice & Nicolas 1989) . Recent advances in electron-backscatter diffraction (EBSD) enable the complete and rapid characterization of the orientations, composition and abundances of all minerals in a polycrystalline aggregate. From these parameters, the stiffness tensor of the bulk rock may be calculated, allowing the 3-D seismic properties of the rock to be determined as well. Because this method uses single-crystal elastic constants to determine bulk properties, it allows for the relationship between microstructure, fabric and seismic properties to be analysed. This paper calculates the velocity anisotropy of three Basin and Range lower crustal sections, andin conjunction with other work-shows how the magnitude and symmetry of lower crustal velocity anisotropy can be interpreted in terms of rock composition, temperature and/or material flow.
G E O L O G I C A L S E T T I N G
The metamorphic core complex belt of the Basin and Range Province in the western United States exposes metamorphic rocks (Coney & Harms 1984) buried during Late Jurassic-Cretaceous shortening and exhumed during the Tertiary (Wright & Snoke 1993; Applegate & Hodges 1995) . We collected samples from the Funeral Mountains of Death Valley, California and the Ruby-East Humboldt Range (Ruby-EHR) of northeastern Nevada. Both areas experienced metamorphic conditions typical of the lower crust: the Funeral Mountains reached peak metamorphic conditions of 650
• C and 7-9 kbar or ∼25-33 km depth (Hodges & Walker 1990; Mattinson et al. 2007 ) and the Ruby-EHR reached peak metamorphic conditions of >9 kbar (∼33 km depth) and 800
• C (McGrew et al. 2000) . The Funeral Mountain samples were collected from the structurally deepest unit in Monarch Canyon, in which mixed orthogneiss and paragneiss are intruded by leucogranite (Fig. 1) . The foliation dips about 35
• to the northeast and the lineation plunges down dip; the entire section sampled is ∼500 m thick. The Ruby-EHR samples were collected from Angel Lake cirque, Lizzie's Basin and Lamoille Canyon, where orthogneiss, dolomitic marble, paragneiss, metaquartzite and calc-silicate rocks are intruded by leucogranite (Snoke et al. 1997) (Fig. 2) . In the Ruby Mountains, the average foliation dips ∼5
• to the west, the lineation plunges 5
• towards 345
• and the sampled section is ∼1000 m thick. The EHR section is 1050 m thick, the foliation dips 10
• to the northeast and the lineation trends 125
• .
A N A LY T I C A L M E T H O D S
A suite of representative oriented samples was collected at each study site. The samples were cut into XZ (parallel to lineation and normal to foliation) or XY (parallel to foliation) thin sections depending on the abundance of mica; XY sections are preferable for samples with abundant mica because diffraction patterns from [001] zones in mica are easier to measure than hk0 zones. The thin sections were polished with 0.25 µm diamond, colloidal silica and coated with 6-10 nm of carbon. The CPOs were measured at the University of California, Santa Barbara with an HKL Technology EBSD detector and Channel 5 software on an FEI Quanta 400f field-emission scanning electron microscope. All EBSD measurements were made with a 70
• sample tilt, a 15-mm working distance, 100× magnification, a 1-3 nA beam current and a 20 kV accelerating voltage. The step size (250-500 µm) and the mapped area were scaled based on the grain size, with the objective of analysing a large area and a large number of grains in a reasonable length of time. Every diffraction pattern was saved. Before each automated run, tens of grains were measured manually to verify that the calculated diffraction patterns fit the observed Kikuchi bands.
All mineral compositions were measured by energy-dispersive spectrometry (EDS) simultaneously with the EBSD measurements. This is necessary to ensure that every point is correctly indexed. After the data collection was complete, the entire dataset was processed with a Matlab algorithm that used the EDS spectrum (500-ms Mattinson et al. 2007 ) with rock fabric data. Sample locations are all from the structurally lowest unit, which has a gently NE-dipping foliation and NE-plunging lineation. Inset shows study areas within the Basin and Range Province. exposure time) to identify the mineral at each point (Brownlee et al. 2011) . The saved diffraction patterns were then reindexed with the EBSD software based on the cell parameters for that phase only. Phase proportions determined by this method agree well with results from point counting. Skipping this tedious method-and assuming that the HKL software correctly identifies minerals based only on diffraction patterns-leads to calculated rock velocities that are inaccurate by as much as 0.4 km s -1 and calculated anisotropies that are inaccurate by as much as a factor of 2 (this study).
The elasticity of each sample was calculated from the measured CPOs and the abundances of the constituent minerals (Table 1) by solving the Christoffel equation (Crosson & Lin 1971) using the software of Mainprice (1990) . The results reported here are Voigt-Reuss-Hill averages computed from the single-crystal elastic constants and densities listed in Table 2 . Elastic constants for labradorite (An 57 ) were used for the Funeral Mountains samples (after plagioclase compositions reported in Mattinson et al. 2007) , and the elastic constants for albite and anorthite were used for siliciclastic and calc-silicate rocks, respectively, for the Ruby-EHR, following measurements by Hodges et al. (1992) and Hudec (1992) .
The elastic properties of the individual rocks were then combined in their outcrop proportions and respective orientations to yield the average elastic properties of the Funeral Mountains, Ruby Mountains and EHR crustal sections. Table 1 summarizes the proportions used in the calculations as well as the calculated maximum and minimum P-wave velocities and P-and S-wave anisotropy. Elastic tensors for individual rocks and crustal sections are given in Table S1 .
The Funeral Mountains study site is characterized by quartzofeldspathic orthogneiss with varying biotite content (represented by samples MC1, MC2, MC4, MC5 and MC7), 1 per cent garnetbearing gneiss (MC3) and ∼10 per cent discordant leucosomes (MC6) that are up to 30 Myr younger than the peak metamorphism (Mattinson et al. 2007 ). The Ruby Mountains at the road end in Lamoille Canyon are composed of ∼80 per cent carbonate and calc-silicate gneiss (samples 9804C-9804G) and 20 per cent quartzofeldspathic gneiss (9804I). These rocks are intruded by equigranular and pegmatitic leucogranites (9804J) that make up a significant amount of the exposed section, ranging from 95 per cent at lower structural levels to 10 per cent at higher levels. The EHR is composed of a sequence of orthogneiss, paragneiss and 
A C C U R A C Y O F E B S D -B A S E D V E L O C I T Y C A L C U L AT I O N S
How do the velocities calculated from EBSD-determined CPOs, single-crystal stiffnesses and Voigt-Reuss-Hill average compare to velocities measured directly from rocks in the laboratory? To assess this, some of the Ruby Mountains samples analysed by McDonough & Fountain (1993) via the PT technique were reanalysed in this study (Table 3) . For each sample, we measured the CPOs and mineral proportions and then calculated velocities, as described above. Fig. 3 compares the measured (dashed) and calculated (solid) P-wave velocities for several samples. The dashed lines follow the characteristic non-linear increase in velocity at low confining pressure (attributed to crack closure; Birch 1960) followed by a more gradual linear increase at high pressure. Because our calculated velocities are derived from single-crystal elastic constants measured at atmospheric pressure, they must be extrapolated to the pressures of the PT measurements before a direct comparison is possible. We assume a linear velocity increase with pressure:
where V 600 is the extrapolated velocity at 600 MPa, V 0 is the velocity at 1 atm and ∂V/∂P is calculated for each sample using the algorithm of Hacker & Abers (2004) . The solid lines in Fig. 3 show the results of this extrapolation in the same three orthogonal directions measured by McDonough & Fountain (1993) . The measured and calculated values agree to within 2.5 per cent (or 0.15 km s -1 ) on average, with a maximum difference of 8 per cent (0.48 km s -1 ). The calculated velocities are consistently slower than the measured velocities; this may be due to the relative paucity of plagioclase elasticity measurements, uncertainties in modal abundance, or uncertainties in ∂V/∂P. If one desired, the velocities reported below could be corrected upward by +0.15 km s -1 . Godfrey et al. (2000) concluded that measuring velocities in only three principal directions (parallel to the sample X, Y and Z directions) does not describe the complete elastic anisotropy of a rock; such measurements are blind to elastic properties not aligned with those directions. Comparison of Fig. 3 with the figures that follow shows that, in this study, measuring velocities in three orthogonal directions only can underestimate elastic anisotropy by as much as 5.5 percentage points-a factor of 30. Such discrepancies illustrate the importance of determining the full 3-D elastic anisotropy of rocks.
M E A S U R E D C P O s Funeral Mountains
The samples analysed from the Funeral Mountains comprise six quartzofeldspathic gneisses and a single leucogranite (Table 1) . The gneisses are characterized by K-feldspar porphyroclasts in a matrix of equant, smaller quartz and plagioclase and distributed, aligned mica. The CPOs of these rocks are shown as either inverse pole figures or pole figures ( Fig. 4 ; Figs S1-S4). Most of the CPOs are nearly symmetric with respect to the foliation and lineation, implying near-coaxial deformation (Lister & Hobbs 1980; Passchier & Trouw 1996) . Biotite and muscovite have (001) (Barth et al. 2010) . The quartz CPOs for the other Monarch Canyon samples are weaker (multiples of uniform distribution, MUD, less than 3) and less clearly defined. Thermobarometric studies suggest that this Funeral Mountains suite reached peak metamorphic temperatures of 630
• C (Mattinson et al. 2007 ), but the quartz CPOs are not typical of those formed by deformation at such high temperature (Lister et al. 1978; Schmid & Casey 1986) ; the CPOs may therefore reflect deformation during cooling. The plagioclase and K-feldspar CPOs are less straightforward to interpret. Perhaps the most consistent feature is a (010) maximum parallel to the foliation (MC1, MC6, MC7 plagioclase and MC2 K-feldspar); a few samples also have (001) maxima near the lineation. The CPOs are compatible with a range of slip systems, dominated by slip along (010). K-feldspar CPOs are asymmetric with respect to the rock fabric, deviating by as much as 30
• (e.g. MC2, MC7).
Ruby Mountains
Seven samples from Lamoille Canyon were analysed to characterize the Ruby Mountains (Fig. 2) . These samples are dominantly calc-silicates, but three quartzofeldspathic gneiss and a leucogranite were also analysed ( Table 1 ). The calc-silicates are characterized by diopside porphyroclasts in a matrix of equant, smaller quartz and carbonate minerals, and distributed, aligned mica. Most of the CPOs ( Fig. 5 ; Figs S5-S7) are asymmetric with respect to the foliation by up to 20
• , implying non-coaxial deformation (Lister & Hobbs 1980; Passchier & Trouw 1996) . Biotite displays a (001) maximum perpendicular to the foliation and a broad [100] et al. 2000) , and the quartz CPOs in 9804I and 9804E are compatible with deformation at such temperatures (Lister et al. 1978; Schmid & Casey 1986) . Table 3 ). X is parallel to the lineation, Y is parallel to the foliation and normal to the lineation and Z is normal to the foliation. Calculated values at zero pressure from EBSD data are extrapolated to high pressure using ∂V P /∂P determined via Hacker & Abers (2004) .
EHR
Fifteen samples were collected to characterize the EHR. The samples are principally quartzofeldspathic gneiss, but include three calc-silicates, two leucogranites and a granodiorite ( Table 1) . The gneisses are characterized by relatively equigranular quartz and feldspar and distributed, aligned mica. The CPOs of minerals in this region ( Fig. 6 ; Figs S8-S11) are asymmetric with respect to the foliation by up to 40
• , implying non-coaxial deformation (Lister & Hobbs 1980; Passchier & Trouw 1996) . Biotite and muscovite typically show either a single, broad The most common plagioclase CPO consists of (011) (Lister et al. 1978; Schmid & Casey 1986) , suggesting that they formed during cooling.
C A L C U L AT E D V E L O C I T I E S Funeral Mountains
The calculated velocities for each of the Funeral Mountain samples are shown in Fig. S12 ; the summary for the entire section is in Fig. 7 . Samples MC1, MC2 and MC6, which have the least mica (8-10 volume per cent), are the least anisotropic (4-7 per cent). Some of the minerals in these two samples are strongly aligned, but the feldspar anisotropy and mica anisotropy counteract each other: the fast V P directions of the feldspars are aligned with the slow V P directions of the mica, reducing the rock anisotropy. Samples MC3 and MC5 display the greatest elastic anisotropy, with P-and S-wave anisotropy between 19 and 24 per cent. These two samples also have the most mica (40-50 per cent). The P and S anisotropy display uniaxial slow symmetry (or transverse isotropy) with the slow direction perpendicular to the foliation, as expected for micarich rock (Ji et al. 2002) . Sample MC4 shows similar-though reduced-anisotropy. These three samples are characterized by random to weak quartz and feldspar CPOs and comparatively strong mica CPOs. The anisotropy magnitude is related to the amount of mica in the samples (∼45 volume per cent mica in MC3 and MC5 versus 13 volume per cent mica in MC4). 
; polarization planes are shown with short line segments.
The velocities for the entire Funeral Mountains section (Fig. 7) were calculated without the much younger, discordant leucogranite; Table 1 shows that including the leucogranite in the calculations has essentially no effect on the absolute velocities, but reduces anisotropy by ∼0.6 percentage points (∼0.07 percentage points per volume percent leucogranite). The V P anisotropy,
, of the entire Monarch Canyon section is 7.8 per cent, with minimum and maximum V P values of 5.8 and 6.2 km s -1 ; the V S anisotropy ranges from 0-9.6 per cent (0-0.35 km s -1 ). The velocity anisotropy for the entire section has nearly uniaxial symmetry with a unique slow axis (transverse isotropy); the P-wave anisotropy can be characterized by an ellipse with axes of 1:1:0.94. The plane of fast directions is parallel to the foliation and the slow axis is perpendicular to the foliation. There is essentially no calculated S-wave splitting for waves propagating perpendicular to the foliation (i.e. arriving from a direction of ∼45
• , 260
• ). The greatest S-wave splitting occurs for waves propagating along the foliation. Because the rocks in the Funeral Mountains have a significant dip, vertically incident shear waves will split slightly, allowing receiver functions to measure some anisotropy.
Ruby Mountains
The velocity anisotropy of the Ruby Mountains sample suite is similar to that of the Funeral Mountains. The samples with the most mica (9804E, G and I) have the greatest anisotropy and display uniaxial symmetry with a unique slow axis for V P , and minimal shear wave splitting for waves propagating perpendicular to the foliation (Fig. 8) . Sample 9804I-the quartzofeldspathic gneiss-has the highest P-and S-wave anisotropy of the entire suite (AV P = 12 per cent, AV S = 20 per cent); samples 9804E and 9804G-the only calc-silicates with more than 15 volume per cent quartz-display slightly less P-wave and half the S-wave anisotropy (AV P = ∼8 per cent, AV S = ∼10 per cent). The strong anisotropy of sample 9804I is associated with a strong quartz CPO, a moderate plagioclase CPO and abundant mica. Sample 9804G is less anisotropic than 9804I because of a weak quartz CPO, and 9804E is less anisotropic despite a greater phyllosilicate abundance because of the destructive interference of the clinopyroxene and hornblende velocity anisotropies.
Other rocks in the Ruby Mountains suite (9804C, 9804D and 9804F) are less anisotropic: 2-5 per cent. These samples contain calcite and dolomite, large amounts of clinopyroxene and few phyllosilicates. P-wave and shear wave splitting anisotropies are typically not correlated; the P-wave anisotropies have orthorhombic symmetry whereas the S-wave anisotropies have lower symmetry. The low anisotropy is attributable to low phyllosilicate abundance, random calcite and dolomite CPOs (MUD < 1.8), and weak to moderate plagioclase CPOs (MUD < 3). Because it is massive and equigranular-and therefore expected to be elastically isotropic-the velocity of leucogranite 9804J was reduced to a scalar.
The velocity for the entire Ruby Mountains section (Fig. 9 ) is distinctly different than that of the Funeral Mountains. The velocities are faster (V P = 6.4-6.7 km s -1 ), but the anisotropy is lower (V P anisotropy = 3.8 per cent; V S anisotropy = 0.2-4.4 per cent). Rather than the uniaxial anisotropy of the Funeral Mountains, the V P anisotropy of the Ruby Mountains has orthorhombic symmetry, with the fast direction parallel to the lineation and the slow direction perpendicular to the foliation; it can be described by an ellipsoid with axes of 1.02:1:0.99. Like the Funeral Mountains, the shear wave splitting is greatest for waves propagating along the foliation, and nearly zero for waves propagating perpendicular to the foliation. (Because the leucogranite 9804J is discordant and post-dates the peak metamorphism (summary in Howard 2003), these calculations were done both with and without the leucogranite; Table 1 .)
East Humboldt Range
The velocity anisotropy of the EHR samples is similar to the Funeral Mountains samples (Figs S13 and S14). For example, the sample (9803H) with the greatest anisotropy (AV P = 14 per cent, AV S = 19 per cent) has the most mica, and shows uniaxial symmetry with the unique slow axis perpendicular to the foliation. However, in other ways the two regions are different. The EHR samples with fairly high anisotropy-10-16 per cent AV P or AV S -have no more than 6 volume per cent mica (9802B, 9803B and 9803G). Instead, they all have >85 volume per cent quartz with a strong CPO (MUD 10-14). The P-wave velocity anisotropy for these three samples typically has a unique fast direction perpendicular to the lineation and a slow plane parallel to the lineation and perpendicular to the foliation; the S-wave anisotropy has lower symmetry. Sample 9803B differs slightly in that the velocity anisotropy is more complicated, with a uniaxial slow component related to its higher mica content. Other quartzofeldspathic rocks in the EHR typically have moderate anisotropy: P-wave anisotropy between 2 and 7 per cent and shear wave splitting of 5-8 per cent. These rocks have asymmetric quartz CPOs and weak to moderate CPOs for plagioclase and K-feldspar (MUD ∼ 2-5). Compared to the Ruby Mountains, the marble sample from the EHR (9802E) has strong anisotropy: 9 per cent for P waves and 7 per cent shear wave splitting. In this sample, the major minerals, calcite and dolomite, have strong CPOs (MUD = 5), with their slow directions perpendicular to the foliation. The two calcsilicates (9802C and 9803E) have moderate anisotropy-AV P = 5 per cent and AV S = 4 per cent-and are characterized by weak to moderate CPOs and no mica. Sample 9802G-a quartzofeldspathic gneiss-has the lowest anisotropy of the section: AV P = 2 per cent and AV S = 5 per cent. This sample is characterized by a quartz CPO indicative of basal a slip and weak to moderate plagioclase and K-feldspar CPOs (MUD = 3-4).
The velocity for the entire EHR section (Fig. 10) was computed by combining the Angel Lake (sample names beginning with 9802) and Lizzie's Basin (sample names beginning with 9803) sites in equal proportions. The bulk V P anisotropy is 4.0 per cent, with V P ranging from 6.0-6.2 km s -1 ; the bulk shear wave anisotropy ranges from 0.13-5.12 per cent (0-0.19 km s -1 ). The V P anisotropy has orthorhombic symmetry (transverse anisotropy) with the fast direction perpendicular to the lineation and the slow direction subperpendicular to the foliation. AV P can be described by an ellipsoid with axes of 1:1.02:0.97. The shear wave splitting also displays orthorhombic symmetry, with the least splitting for waves propagating perpendicular to the foliation, and the most splitting for waves propagating parallel to the lineation. Similar to the Funeral Mountains and Ruby Mountains sections, and typical of the lower crust in this tectonic setting, no shear wave splitting is predicted in the EHR for waves propagating at ∼0-45
• from the vertical. However, the orthorhombic symmetry of both the P-and S-wave anisotropies could permit a fast direction to be determined from horizontally incident body waves. The low mica content of this sample suite confirms that the Basin and Range mid-to lower crust is not homogeneous with respect to mica content. Because the discordant igneous rocks (9802D and 9802J and 9803C) post-date the peak metamorphism (Snoke et al. 1997 ) the velocity calculations were done both with and without the igneous rocks (Table 1) .
D I S C U S S I O N
If the mineralogies and CPOs of the rocks measured in this study are typical of the middle to lower crust, the calculated velocities of the three studied sections should be representative of quartzofeldspathic lower crust in general. We can then use these data and calculations to address several questions-with the caveat that the answers reflect this dataset only.
(1) Can the absolute velocity of seismic waves be used to infer lower crustal mineralogy?
Earth's continental crust is typically subdivided into two or three discrete layers on the basis of seismic velocities (Smithson 1978; Holbrook et al. 1992 ). The measured P-wave velocity of the middle crust and lower crust-extrapolated to room temperature and 600 MPa-is typically 6.4-6.7 and 6.7-7.1 km s -1 , respectively (Christensen & Mooney 1995; Rudnick & Fountain 1995) . Numerous studies have shown that absolute velocities alone are not a good discriminant for bulk composition or mineralogy (Pakiser & Robinson 1966; Reid et al. 1989; Holbrook et al. 1992; Rudnick & Fountain 1995; Behn & Kelemen 2003) . This conclusion is supported by the calculations in Table 1 . On average, the three sections measured in this study have velocities typical of those reported for the middle crust, but the clinopyroxene-bearing calc-silicate rocks have velocities typical of the lower crust. All of these rocks are typical of the miogeoclinal sections of western North American core complexes, and all were exhumed from the same depths-velocity cannot be used to separate the rocks into 'middle' and 'lower' crustal rocks.
(2) Can the velocity anisotropy measured by seismic waves be used to infer lower crustal mineralogy?
Velocity anisotropy can be used to infer mineralogy only in combination with V P /V S , and only then with some additional assumptions. In this study, the magnitude of anisotropy is correlated with the abundance of mica in rocks with >12 volume per cent mica (Fig. 11) ; rocks with less mica generally are not as anisotropic. Amphibolites have been suggested to be major contributors to anisotropy in high-velocity crustal sections, but amphibolites are generally less anisotropic (Barruol & Kern 1996; Weiss et al. 1999; Tatham et al. 2008; Kono et al. 2009 ), like the clinopyroxene-rich samples from the Ruby Mountains. It would be prudent to combine measures of absolute velocity and V P /V S with anisotropy to discriminate between mica-and amphibole-dominated sections.
Previous studies using methods similar to this study have demonstrated that micaceous rocks have strong velocity anisotropy (e.g. Weiss et al. 1999; Meltzer & Christensen 2001; Mahan 2006; Valcke et al. 2006; Barberini et al. 2007; Lloyd et al. 2009; Ward et al. 2012) . The anisotropies reported in this study for individual samples are slightly higher than those reported in previous studies. P-wave anisotropy in this study ranges from 0-20 per cent with an average of 7 per cent, whereas other studies report 0-16 per cent, and an average of 7 per cent. In this study S-wave anisotropy ranges from 0-25 per cent with an average of 9 per cent, whereas previous studies report 0-25 per cent, and an average of 6 per cent (Fig. 12a) . For individual samples AV S is typically 25 per cent higher than AV P in this study, whereas previous studies typically report AV P that is twice as large as AV S . In part this difference may be because many previous studies did not measure the CPO of all minerals in some rocks. Additionally, the anisotropies reported here are for rocks rich in biotite and muscovite, for which AV S is 26 per cent and 78 per cent greater than AV P , respectively. Only three of the samples (N = 41) in previous studies have a mica composition above 15 volume percent. Thus, large-magnitude crustal seismic anisotropy is almost certainly a signature of micaceous rock.
(3) Can the velocity anisotropy of individual samples be generalized to the scale at which seismic waves sample the mid-lower crust?
The answer to this question depends on many factors-such as mineralogy, strain geometry, CPO strength, thickness of layering, folding, rock fabric (Weiss et al. 1999; Meissner et al. 2006; Lloyd et al. 2009 )-such that the question might best be addressed by simply looking at what has been reported by studies of various crustal sections (Fig. 12b) . These studies show that the median V P anisotropy reported for individual samples is ∼6 per cent, whereas the median V P anisotropy reported for studied crustal sections is ∼4 per cent. The median V S anisotropy reported for individual samples is ∼7 per cent (this study) or 4 per cent (other studies), whereas the median V S anisotropy reported for studied crustal sections is ∼3.5 per cent. Layering contributes less to acoustic anisotropy than CPOs (Weiss et al. 1999) .
Bulk AV P values calculated for the Ivrea Zone, Italy, average 5 per cent and AV S averages 3 per cent over 7 km of palaeovertical section (Barruol & Kern 1996; Weiss et al. 1999) . The Ruby Mountains and EHR calculated bulk velocities are similar for ∼1 km of palaeovertical section (Fig. 12b) , whereas the calculated bulk anisotropy for the Funeral Mountains is towards the high end of the range. The relatively high anisotropy calculated for the Funeral Mountains reflects the abundance of mica in the analysed samples and the relative homogeneity of the section. In summary, the calculated anisotropies for crustal sections are typically about half that observed in individual samples of common rocks.
(4) Can velocity anisotropy be used to infer lower crustal flow? Yes, but only the flow plane and not the flow direction. All three studied sections show that waves propagating perpendicular to the rock flow plane are the slowest and show the least S-wave splitting. Determining the flow direction in crustal rocks purely from velocity anisotropy is problematic for this particular dataset. In the Funeral Mountains, the velocity anisotropy is near-uniaxial, with equivalent velocities for waves propagating in all directions in the flow plane. In the Ruby Mountains, the fast P-wave direction is parallel to the flow direction, whereas in the EHR, the fast direction is perpendicular to the flow direction. Similar, nonsystematic weak deviations from transverse isotropy have been reported for other crustal sections (e.g. Weiss et al. 1999) .
(5) Can V P /V S be used to infer lower crustal mineralogy? Christensen (1996) noted that rocks with SiO 2 contents of 55-100 per cent have predictable V P /V S ratios because of the dramatically low V P /V S ratio for alpha quartz. He presented a quantitative and precise relationship (although note that the quadratic fit presented in that paper has a sign error; the '−' should be '+'). The inverse of this-using V P /V S ratios to infer SiO 2 content in this rangewas championed, and has been extensively used (e.g. Hauser et al. 2008) . The accuracy of this relationship is overstated, however.
(1) Inspection of Fig. 13 in Christensen (1996) shows that one can only infer SiO 2 content if V P /V S < 1.74 (Poisson's ratio, σ < 0.25). This limitation exists because a variety of low-silica rocks have no quartz, but they have another mineral-such as orthopyroxene-that diminishes V P /V S . This relationship fits the isotropic V P /V S values measured in this study (black symbols in Fig. 13) .
(2) Anisotropy plays a role. Because the velocities for all the rocks and crustal sections in this study are anisotropic, the isotropic value is not an accurate representation of the average velocity sampled by seismic waves. A more accurate representation is given by the blue symbols in Fig. 13 , which represent the velocity ratios averaged over all directions. Note that the SiO 2 content inferred Barruol & Kern (1996) , Weiss et al. (1999) , Burlini et al. (2005) , Barberini et al. (2007) , Kern et al. (2008) , Tatham et al. (2008) , Lloyd et al. (2009) , Kono et al. (2009) and Lloyd et al. (2010) . Figure 13 . Relationship between V P /V S or Poisson's ratio (σ ) and silica content of crustal rocks in this study. Isotropic ratios (calculated from the elastic moduli and density) are highest and are well characterized by the (corrected) equation of Christensen (1996) . The average ratios-computed as the geometric mean of the velocity ratio in all directions sampled over 1 • intervals-is lower. The ratios for vertically incident waves-computed as the mean of the velocity ratio for waves propagating orthogonal to the foliation sampled over 1 • intervals-is intermediate. Relationships break down beyond σ = 0.25 and cannot be used (see text).
from these values differs from the Christensen (1996) relationship by >5 wt. per cent-or >0.04 σ -depending on whether you prefer to think in terms of crustal composition or velocity. If strong anisotropy exists, it will be difficult to get an accurate or useful V P /V S measurement.
(3) Anisotropy plays a second role when the foliation in the crustal section has a specific orientation with respect to the wave propagation direction. In crustal sections where the foliation is subhorizontal-like this study-vertically propagating waves 'see' higher V P /V S ratios than the average and are shown in red in Fig. 13 .
(4) Because the relationship between V P /V S and SiO 2 content is principally due to the presence of quartz, changes in the elastic properties of quartz affect this relationship dramatically. For example, whereas the Poisson's ratio for alpha quartz is 0.08 at STP, it is −0.05 at 1 GPa and 800
• C (Hacker & Abers 2004) , leading to significant decreases in rock V P /V S shown in grey in Fig. 13 . At 1 GPa and 850
• C, where beta quartz is stable, Poisson's ratio in quartz is 0.22, and the ratios increase dramatically upward.
In aggregate, these considerations mean that the use of V P /V S to assess the SiO 2 content of Earth's crust should be limited to V P /V S < 1.74. At STP, this relationship has an accuracy of ∼5 wt. per cent SiO 2 because of the anisotropy inherent in crustal sections, and the inaccuracy will be larger at depth unless the ambient pressure and temperature are well known.
C O N C L U S I O N S
Agreement between measured and calculated velocities shows that seismic velocities calculated from mineral CPOs and elastic constants are representative of actual rock properties. Calculating velocities from CPOs measured via EBSD provides advantages over the PT technique in that measurements are not affected by the presence of cracks, alteration, and low-pressure phases. That is to say, the effects of exhumation can be eliminated and the properties of a rock in its original crack-free, alteration-free, high-pressure and high-temperature condition can be calculated.
Samples from the Funeral Mountains, Ruby Mountains and EHR measured by EBSD demonstrate that seismic anisotropy varies across the Basin and Range because of changes in mineralogy and strain. The slow P-and S-wave propagation directions are normal to the foliation in all three sections, and the velocity anisotropy shows either transverse isotropy or nearly so. This means little to no shear wave splitting for near-vertically incident body waves transmitted through crustal rocks with a subhorizontal foliation. As a result, such locations are good places to measure mantle anisotropy because crustal anisotropy is minimal in the vertical direction. Velocity anisotropy can be used to infer the flow plane, but not the flow direction in typical crustal rocks: the Funeral Mountains has uniaxial symmetry/transverse isotropy, and although the Ruby Mountains and EHR have orthorhombic symmetry, the flow direction is marked by the fast axis in one mountain range and by the intermediate axis in the other mountain range.
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